Abstract -Fault-tolerant capability, wide speed range and overload capability are required in electric motors used in electric vehicles. In this paper, based on the analysis of the all poles wound and alternate poles wound flux-switching permanent-magnet machines, an optimization method is studied to reduce torque ripple. The method takes account of both flux-leakage and cogging torque. The simulation result shows that the method can reduce the torque ripple effectively. This study lays the foundation for the further application of FSPM in electric vehicles.
Introduction
Electric vehicles become popular since they exhibit zero emission and are powered by chemical accumulators or fuel cells. With the development of electric vehicles, the choice of the electric motors most suited to this application is still a matter of discussions [1] . As a key technology for electric vehicles, motors used in electric vehicles shall meet the following requirements [2] - [5] :
(1) Wide speed range; (2) Overload capability; (3) Fault-tolerant capability; Induction motor and switched reluctance motor(SRM) are widely used in electric vehicles because of low cost, ruggedness and high flux-weakening capability, while torque density and efficiency of permanent magnet motor are superior to induction motor and SRM [6] - [7] .
Flux-switching permanent-magnet motor (FSPM) is a recently emerged novel brushless machine having magnets in the stator with doubly-salient structure [8] . Its appearance provides a new idea for study of highperformance motor suited to electric vehicles and attracts considerable interest of scholars at home and abroad [9] - [19] . Compared with the traditional rotor-PM machine, the FSPM machine exhibits the following advantages [8] - [21] :
(1) Simple and robust structure; (2) Easily managing temperature rise of magnets on the stator; (3) The PM field and the armature field are in parallel, hence the armature field has little influence on the PM. Electromagnetic performance of FSPM machine is studied in [9] . Because of complementary coils, conventional FSPM machine has sinusoidal back-EMF waveform. The concept of alternate teeth wound fractionalslot PM machines is extended to the FSPM machines by employing alternate poles wound. The isolated coils in each slot minimize the coupling between phases and increase the potential to fulfill the requirements for a machine to be fault tolerant [14] - [15] , and it has a very similar overload capability to the conventional machine [14] . However, this is achieved with a larger torque ripple due to the presence of significant harmonics in the back-EMF waveform [15] . To reduce the consumption of PM, the multi-tooth, C-core, and E-core FSPM machines are developed but without compromising the torque capability [16] - [19] , the fluxweakening capability of the multi-tooth, E-core and C-core SFPM machine are infinite and much higher than the conventional FSPM machine [18] .
In order to obtain an electric motor suited to electric vehicles, this paper analyzes the potential of the overload capability of C-core, and presents an optimization method of axial with twisted-rotor to reduce the torque ripple of alternate poles wound FSPM machine. This paper is organized as follows. Section 2 gives the analysis on potential of existing topologies in the case of Ccore FSPM machine, the torque capability and fluxweakening capability of alternate poles wound FSPM machine are also discussed in Section 2. The optimization method is studied in Section 3. Section 4 gives the results of finite element analysis after optimization. And finally, conclusions are given in Section 5.
Potential of existing topologies

C-core FSPM machine
The multi-tooth, C-core and E-core FSPM machine reduce the magnet usage by a half relative to the conventional FSPM machines, as shown in Fig. 1 . However, they show a marked reduction in overload capability. In the case of C-core FSPM machine. Fig. 2 shows the variation in the average torque with electric loading for C-core FSPM machine. It is shown that C-core FSPM machine exhibits a higher torque density at relatively low currents in area I, while it is the opposite when the current density increases in area II, Fig. 2 . The torque capability can be improved by increasing the consumption of PM, such as Ccore-2. However, it cannot be improved indefinitely even if increasing the width of stator teeth, rotor teeth and yoke simultaneously since inductance of C-core FSPM machine is much larger than the conventional machine, armature reaction saturates more quickly. Fig. 3 shows the torque-current and torque-position characteristics of alternate poles wound FSPM machine. It can be seen that alternate poles wound FSPM machine competes favorably with the conventional machine in terms of torque capability, but the torque ripple is larger, nearly twice the value of conventional machine. Torque-speed characteristics of these two topologies are compared in 
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An optimization method
In order to reduce torque ripple, this section presents an optimization method with compromising both flux-leakage and cogging torque, 
Flux-leakage
The flux-leakages of two parts of FSPM machine are given by
sin( ) 
where, ψ is the flux-leakage of the motor. 2Ψ 1 sin(α s /2) is the amplitude of fundamental. 
where, k is defined as the amplitudes of the second-order harmonic flux-leakage relative to the amplitude of fundamental. k=0 means FSPM machine exhibits symmetrical flux-leakage waveform [22] , Fig. 6 . 
Cogging torque
Import data of finite element analysis into MATLAB to use Fourier decomposition. Based on the result of Fourier decomposition, the cogging torque of the FSPM motor is given by (5), (6) . 
where, T cog is the cogging torque of alternate poles wound FSPM machine. Fig. 7 shows the finite element simulated result and fitted curve of cogging torque. It shows that the two curves are basically the same. 8 shows the variation in the amplitude of fundamental of flux-leakage, k and p-p cogging torque with α s . It can be found that when α s =180°, the maximum amplitude of fundamental of flux-leakage and the minimum k is obtained, however, the p-p cogging torque is the maximum. When α s =198°, the p-p cogging torque is the minimum, the amplitude of fundamental of flux-leakage is a little smaller and k is slightly larger compared to α s =180°, respectively. 
Comparison and validation
Flux-leakage
Fig . 9 shows the flux-leakage of alternate poles wound FSPM machine. It is shown that it exhibits asymmetrical flux-leakage, as reported in [14] . When α s =180°, the fluxleakage shows symmetrical waveform since coils of two parts of motor are complementary. When α s =195°and α s =198°, the machine has similar fundamental flux-leakage with that when α s =180°. 
Cogging torque
Fig . 10 shows the cogging torque of alternate poles wound FSPM machine. It can be found that when α s =180°, the cogging torque is the same as that when there is no axial design since the electric period of cogging torque is 60°. When α s =195°and α s =198°, the FSPM machine exhibits 50% smaller p-p cogging torque than that when α s =180°. 
Electromagnetic torque
The variation of electromagnetic torque with rotor position at rated current is shown in Fig. 11 (a) . In Fig. 11  (b) , it can be seen that when there is no axial design, the alternate poles wound FSPM machine exhibits the maximum average torque. However, the torque ripple is 50% larger than that when α s =180°, 195°, 198°. Fig. 11 (c) shows the relative torque ripple. It is shown that the minimum torque ripple is obtained when α s =195°, about 40% of that when there is no axial design and 85% of that when α s =180°, respectively. 
Torque-current and torque-speed characteristics
Figs.12 and 13 show the torque-current and torquespeed characteristics of alternate poles wound FSPM machi ne, respectively. It can be found that no matter before or aft er optimization, the curves are almost the same. The optimi zation method does not affect the torque-current and torquespeed characteristics. 
Conclusion
Flux-switching permanent-magnet motor has magnets in the stator with doubly-salient structure. This paper analyses the potential of existing FSPM machine topologies for application in electric vehicles and proposes an optimization method of axial with twisted-rotor to reduce torque ripple of alternate poles wound FSPM machine.
(1) Multi-tooth, C-core and E-core FSPM machines reduce the magnet usage by a half relative to the conventional FSPM machines. However, the overload capability is low and cannot be improved effectively even with increasing the cost of PM. (2) Alternate poles wound FSPM machine exhibits high torque capability and flux-weakening capability. However, it has asymmetric back-EMF and high torque ripple. (3) Under the premise of maintaining overload and fluxweakening capability, this paper presents an optimization method to reduce torque ripple with compromising both back-EMF and cogging torque.
